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I .  INTRODUCTION 


Collisional  energy  transfer  between  individual  quantum  states  of 
simple  molecules  has  been  the  subject  of  much  recent  experimental  endeav¬ 
our,  in  an  attempt  to  better  understand  detailed  collision  dynamics.  We 
report  here  rates  for  energy  transfer  into  a  number  of  different  rotation¬ 
al  and  fine-structure  levels,  starting  from  a  single  initially  excited 
level,  within  a  particular  vibrational  level  of  the  B^Iy  electronically 
excited  state  of  diatomic  sulfur.  The  S2  is  excited  by  absorption  of 
line  radiation  from  a  lamp  containing  Zn;  rotationally  resolved  fluores¬ 
cence  measurements  at  various  pressures  of  the  collision  partners  He,  Ar 
and  Xe  permit  extraction  of  the  rates. 

The  experiments  described  here  are  similar  to  our  earlier  measure¬ 
ments  at  lower  resolution, 1  in  which  we  determined  vibrational  and  total 
rotational  transfer  rates  from  this  same  initially  excited  level  (v*  =  4, 
N'=  40,  J'=  41).  The  sums  of  the  state-to-state  rates  found  here  are 
compatible  with  the  total  rotational  rates  reported  in  I.  The  state-to- 
state  rates  are  also  compatible  with,  and  have  been  used  to  analyze  data 
in,  a  study  of  the  degree  of  coherence  retention  in  rotationally  inelas¬ 
tic  collisions  within  this  level. 2  These  three  aspects  all  form  compo¬ 
nent  pieces  of  the  overall  collision  dynamics  of  electronically  excited 
S2.  The  B-state  is  a  very  suitable  molecule  for  a  comprehensive  mapping 
of  its  collisional  behavior,  particularly  due  to  the  ease  of  fluorescence 
excitation  in  a  wavelength  region  convenient  to  frequency-doubled,  tun¬ 
able  lasers. 

The  basic  experimental  apparatus  has  been  described  in  I.  Briefly, 
a  cell  containing  S2  at  n.  ISO  mtorr  pressure  and  900  K  is  irradiated 
with  the  light  from  a  Zn/Ar  flow  lamp  powered  by  a  2450  MHz  discharge. 

As  in  I,  lamp  stability  proved  quite  important;  the  present  measurements 
are  at  higher  resolution  and  thus  at  a  lower  signal  level  than  those 
described  in  I,  and  again  require  long,  drift-free  scans.  The  fluores¬ 
cence  at  right  angles  to  the  exciting  radiation  was  focused  into  a  3/4-m 
Spex  monochromator,  operated  in  second  order.  With  entrance/ exit  slit 
widths  of  30/60p  and  10mm  slit  height,  an  instrumental ly  determined 
trapezoidal  line  shape  with  a  full-width  at  half-maximum  (first-order 
equivalent)  of  0.4A  was  obtained.  Fluorescence  spectra  of  the  vr*  4, 
v"=  2  band  were  recorded  at  a  series  of  foreign  gas  pressures  at  a  scan 
rate  of  O.sA/min.  The  lamp  intensity  was  continually  monitored  by  a 
second  monochromator,  in  order  to  correct  for  small  drift. 


T.  A.  Caughey  and  D.  R.  Cros ley,  "Collision- Induced  Energy  Transfer  in 
the  Ey  State  of  Diatomic  Sulfur ",  J.  Chem.  Rhys.,  69,  3379-3396 
(1978),  referred  to  as  I. 

T.  A.  Caughey  and  D.  R.  Crosley ,  " Coherence  Retention  During  Rotation- 
ally  Inelastic  Collisisone  of  Selectively  Excited  Diatomic  Sulfur", 
Chem.  Rhys.  20,  467-476 ,  (1977). 


Figure  1  shows  the  development  of  the  spectrum  as  the  He  pressure 
is  increased.  A  cursory  examination  reveals  the  importance  of  single 
collision,  multiquantum  transfer  (AN>2).  First,  the  highest  pressure 
illustrated  corresponds  to  only  about  15  percent  of  the  S2  having  under¬ 
gone  any  transfer  collisions,  yet  many  levels  are  clearly  populated. 
Further,  the  intensities  of  lines  corresponding  to  multiquantum  transfer 
grow,  with  increasing  pressure,  in  direct  linear  proportion  to  that  of 
lines  corresponding  to  transfer  to  adjacent  levels,  and  not  in  geometric 
proportion.  At  higher  pressure,  the  effects  of  multiple  collisions  be¬ 
come  readily  apparent.  Since  we  desire  to  obtain  relative  final-state 
cross  sections  for  single  collisions,  it  is  necessary  to  restrict  the 
measurements  to  the  relatively  low  pressures  displayed  in  Figure  1. 

Thus  we  can  obtain  reliable  values  for  transfer  rates  (that  is  for  rates, 

^  20  percent  of  the  largest  single-collision  rate)  only  for  final-J 
values  in  the  vicinity  of  the  initially  pumped  level. 

In  turn,  this  means  that  most  of  the  pertinent  data  comes  from  lines 
in  the  neighborhood  of  those  emitted  by  the  initially  excited  level.  A 
number  of  these  lines  are  closely  packed,  and  sometimes  overlapped,  with 
the  resolution  which  we  employ.  In  several  early  experiments  using  sul¬ 
fur  of  natural  abundance,  it  was  found  that  emission  from  levels  of  ^S- 
32S,  directly  excited  by  absorption  of  various  Zn  lines,  greatly  hampered 
the  intensity  measurements  of  the  weak  emission  from  transferred  32S-32S 
molecules.  Consequently  all  of  the  experiments  reported  here  were  carried 
cut  on  samples  of  sulfur  enriched  in  32S  abundance. 

32  32 

The  closely  spaced  rotational  lines  of  the  S-  S  isotope  make  it 
necessary  to  calculate  their  transition  frequencies  within  the  (hereto¬ 
fore  unanalyzed)  v'=  4,  v"=  2  band  in  order  to  obtain  unambiguous  assign¬ 
ments.  In  the  following  we  describe  this  procedure,  the  determination 
of  level  populations  from  the  measured  intensities,  and  the  extraction 
from  these  pressure-dependent  populations  of  several  final -state-specific 
transfer  rates. 


II.  TRANSITIONS  FREQUENCIES  AND  ASSIGNMENTS 

Consider  first  the  appearance  of  the  spectrum  when  only  a  single 
level  is  emitting.  Because  32s-32g  is  a  homonuclear  diatomic  and  32s 
has  zero  nuclear  spin,  alternate  rotational  levels  are  missing  in  each 
state.  In  the  ground  X  state,  only  odd-numbered  rotational  levels 
exist,  whereas  in  the  B  3e-  state,  only  even  rotational  levels  are  allow¬ 
ed.  Coupling  the  unit  electron  spin  with  a  rotational  angular  momentum 
produces  three  distinct  levels  characterized  by  the  value  of  the  result¬ 
ant  total  angular  momentum  J  and  separately  denoted  as  either  an  Fi 
(J=N+1),  an  F2  ( J=N) ,  or  an  F3  (J=N-1)  level.  In  such  a  picture  of  pure 
llund's  case-b  coupling,  only  two  rotational  branches  are  allowed  in 
emission  from  a  single  N' ,  J'  level.  Deviation  from  pure  case-b  coupling 
leads  to  the  appearance  of  two  additional  rotational  branches  when  the 
fluorescing  state  is  either  an  Fi  or  an  Fj  level.  As  has  been  discussed 
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The  development  of  rotational  relaxation  in  S2  upon  increasing 
the  pressure  of  helium  fill  gas.  A  scan  of  the  (4,2)  hand  is 
shown,  in  which  appear  a  number  of  lines  due  to  rotational ly 
transferred  molecules.  The  four  lines  emitted  by  the  initially- 
pumped  Fy  (40)  level  are  off  scale  in  the  figure;  the  peak 
photocurrent  of  the  Rj  and  ^Pu  branches  are  given  in  each  case 
next  to  these  two  lines  for  comparison  with  the  transferred 
fluorescence. 


for  the  present  transition,3 4  emission  from  the  v'«  4,  N'»  40,  J'«  41 
level  of  32s-32s  consists  of  four  rotational  branches.  Two  of  these 
have4  AJ«AN,  and  are  relatively  intense:  the  Ri  line  with  AJ*»AN«+1  and 
the  Pi  line  with  AJ»AN»-1.  In  addition  there  exist  two  weaker  lines, 
each  with  about  one-fifth  the  intensity  of  the  Ri  and  P]  branches.  These 
are  the  pRi3  line  (AJ=*1,  AN=-1)  and  the  NPu  line  (AJ=-1,  AN=-3) . 

Despite  the  deviation  from  case-b  coupling,  each  level  is  still  referred 
to  by  its  Fi  designation.  We  shall  specify  a  level  by  calling  it  the 
Fj  (N')  level,  e.g.  the  initially  pumped  level  is  Fi  (40)  since  N'=40 
and  J ' =41 . 

In  Figure  1,  the  four  lines  emitted  by  Fi  (40)  are  all  off-scale  at 
the  sensitivity  employed.  They  are  marked  in  the  uppermost  scan,  and  in 
each  case  the  intensities  of  the  Ri  and  NP13  branches  at  the  gain  setting 
are  noted  for  comparison  with  the  magnitude  of  the  weak  transferred  fea¬ 
tures. 

It  was  necessary  to  carry  out  scans  at  zero  pressure  of  added  gas, 
since  even  with  the  enriched-isotope  sample  there  remain  a  number  of 
definite,  reproducible  peaks  (of  intensity  1  to  2  percent  of  the  Rj  line) 
in  the  (4,2)  band  region.  These  are  perhaps  due  to  'secondary'  weaker 
fluorescence  series  excited  in  32$_32s  by  other  Zn  lines,  to  scatter  from 
lamp  impurities,  or  to  some  small  amount  of  rotational  relaxation  caused 
by  residual  foreign  gases  in  the  cell.  In  any  case,  a  baseline  correc¬ 
tion,  scaled  to  the  intensity  of  the  rotational  branches  of  Fi  (40),  was 
calculated  for  each  feature  from  zero  pressure  scans  and  was  subtracted 
from  the  baselines  of  transferred  spectra. 

As  mentioned  above,  it  was  necessary  to  calculate  transition  fre¬ 
quencies  within  the  (4,2)  band  in  order  to  obtain  line  assignments.  For 
this,  Naude  's  analysis5  of  the  (4,19)  band  was  used,  along  with  a  cal¬ 
culation  of  the  energy  separation  between  the  ground  state  v"=2  and  v"=19 
levels  based  on  a  set  of  ground  state  spectroscopic  constants  given  by 
Barrowb.  The  accuracy  of  using  these  ground  state  constants  was  checked 
by  comparing  calculated  energy  separations  between  rotational  levels  of 


3 

‘ K.  /I.  Meyer  and  D.  R.  Crosley ,  "Rotational  Satellite  Intensities  and 
Triplet  Splitting  in  the  B^ZU  tate  of  S2 "»  Can.  J.  Phys.  SL,  2119- 
2121,  (1973). 

4  As  is  customary ,  A  J  ^  J’  -  J''  and  bN  h  N'  -  N"  here. 

5  ' 

S.  M.  Naude  ,  "Die  Rotations truktur  des  Bandenspektrums  des 
Schwefelmolekuls  S2"s  Ann.  Phys.  ( Leipz )  3j  201-222,  (1948). 

O 

R.  F.  Barrow  and  R.  P.  du  Parcq,  in  Elemental  Sulfur,  edited  by  B.  Meyer 
( Interscience ,  New  York,  1965),  p.  251. 
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v"=2  and  v"*19  with  the  separations  derived  from  the  rotationally  ana¬ 
lyzed  (3,2)5  and  (3,10)7  bands.  The  calculated  ground  state  separations 
were  found  to  be  uniformly  too  small  by  1.34cm-1  when  compared  to  the 
direct  experimental  data,  with  random  variations  about  this  mean  of  up 
to  0.2cm-l.  Since  the  identification  of  fluorescence  from  transferred 
levels  is  based  on  its  wavelength  shift  from  the  main  fluorescence  lines, 
a  systematic  uncertainty  in  the  calculation  is  of  no  importance  and  we 
obtain  internally  precise  results. 


The  uncertainty  in  the  transition  frequencies  for  each  of  the  rota¬ 
tionally  analyzed  bands  is  given  as  only  several  hundredths  of  a  wave- 
number,  so  that  our  calculated  values  should  be  within  at  least  0.3cm-1 
of  the  exact  frequencies.  In  the  wavelength  region  of  the  (4,2)  band, 
there  are  approximately  10cm-1per  X  so  that  a  0.3cm-1  or  0.03  X  uncer¬ 
tainty  in  the  relative  position  of  a  line  is  insignificant  compared  to 
an  instrumental  linewidth  of  0.4  X.  The  levels,  whose  energies  are  di¬ 
rectly  available  from  the  literature,  extend  to  large  N'  values  inclusive 
of  Fi  (54),  F2  (44),  and  F3  (36).  To  find  the  energies  of  higher  lying 
levels,  a  short  extrapolation  to  larger  N'  was  made  by  plotting  second 
differences  vs.  N' .  For  the  F3  (48)  level,  for  which  the  longest  extra¬ 
polation  was  required,  we  expect  an  uncertainty  of  no  more  than  lcm-1 , 
or  0.1  A,  due  to  accumulated  uncertainty  in  determining  the  successive 
levels  above  F3  (36).  Thus,  all  directly  available  and  extrapolated 
transition  frequencies  should  accurately  pinpoint  the  positions  of  rota¬ 
tional  lines,  barring  any  substantial  perturbations  which  would  invali¬ 
date  the  extrapolated  values. 

When  making  the  extrapolation  to  higher  N'  for  the  F2  manifold,  we 
noted  a  deviation5  from  the  expected  smooth  variation  of  second  differ¬ 
ences  N' .  Since  ground  state  rotational  levels  were  already  verified  to 
change  smoothly  with  N",  the  variation  must  be  in  the  excited  state.  It 
appears  that  the  F2  levels  are  perturbed  in  the  neighborhood  of  N'=58 
and  N ' =40  and  possibly  near  N'=44.  The  presence  of  this  perturbation 
may  affect  che  fine  details  of  the  collisional  rotational  relaxation. 
Specifically,  it  may  influence  the  relative  size  of  relaxation  to  Fj 
and  Fy  levels.  Aside  from  affecting  the  actual  dynamics  of  the  process, 
intensities  of  the  perturbed  levels  may  be  markedly  different  than  in 
the  unperturbed  case,  making  the  apparent  size  of  collisional  relaxation 
to  these  states,  based  on  fluorescence  intensity,  incorrect.  It  is  true, 
however,  that  the  F'2  (42)  level  appears  to  be  unperturbed,  and  it  is  the 
single-collision  transfer  rate  to  the  F2  (42)  level  which  we  report. 

The  above  consideration  is  also  a  reminder  that,  in  studying  trans¬ 
fer  from  only  one  level  as  is  done  here,  the  generality  of  results  ob¬ 
tained  can  be  open  to  question  since  the  single  level  investigated  may 
behave  anomalously.  In  the  present  case,  the  smooth  variation  of  second 
difference  for  Fl  levels  in  the  vicinity  of  N'=40  confirms  that  our 
initial  Fi  (40)  level  is  indeed  unperturbed. 


‘  E.  Ulsson ,  "Das  Bandenspektrum  des  Sahwefels",  Z.  Phys.  100,  656-664 
(1956). 
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Figure  2  exhibits  a  scan  of  the  (4»2)  band  in  the  presence  of  'v  1/3 
torr  Ar.  The  positions  of  a  number  of  lines  predicted  by  the  above 
method  are  indicated  on  the  figure.  It  should  be  noted  that  these 
assignments  are  not  fitted  to  the  spectrum  shown,  but  rather  the  calcu¬ 
lated  and  measured  positions  are  separate  absolute  wavelengths.  (The 
largest  uncertainty  in  an  individual  scan  comes  from  non-linearities  in 
the  spectrometer-monochromator  plus  recorder-wavelength  recording. 
Repetitive  scans  of  the  region,  however,  remove  any  assignment  uncer¬ 
tainties.)  From  the  correspondence  of  predicted  positions  with  observed 
peaks  and  shoulders,  as  exemplified  in  Fig.  2,  we  conclude  that  we  have 
attained  an  unambiguous  assignment  of  the  major  transfer  features 
appearing  under  single-collision  conditions. 


III.  EXCITED  STATE  POPULATIONS 


Several  fortuitous  circumstances  enable  us  to  observe  some  rotational 
structure  in  a  molecule  as  heavy  as  S2.  For  one,  the  energy  ordering  at 
these  values  of  N  in  the  excited  state  is  Fi>F3>F2  which  is  exactly  re¬ 
versed  from  the  energy  ordering  in  the  ground  state  at  these  N,  where 
F2>F3>F^.  Hence,  fluorescence  from  the  different  Fj  levels  of  a  given 
N'  is  more  easily  resolved  than  if  the  relative  ordering  of  the  levels 
were  the  same  in  both  states.  Secondly,  as  already  mentioned,  alternate 
rotational  levels  are  missing  in  both  the  ground  and  excited  states. 
Thirdly,  the  zinc  excitation  occurs  at  a  relatively  high  N--out  in  the 
tail  of  the  band  where  the  rotational  spacing  becomes  spread  out. 


P  N 

In  the  wavelength  region  between  the  Rj3  and  P^  lines,  shown  in 
Fig.  2,  close  agreement  is  found  between  calculated  positions  and 
resolved  features.  Close  agreement  also  is  found  in  the  shorter  wave¬ 
length  region,  below  about  313.8  nm.  However,  the  higher  density  of 
lines  and  frequent  overlapping  in  this  region  make  an  unambiguous  analy¬ 
sis  of  intensities  of  those  individual  lines  very  difficult.  For  this 
reason,  we  did  not  measure  any  rates  to  levels  of  N'  less  than  40  for 
F2  or  F3  levels  nor  rates  to  levels  of  N'  less  than  34  for  Fi  levels. 
Instead,  more  dependence  was  placed  on  the  region  between  the  PR13  and 
NPl3  lines  where  the  effective  resolution  of  the  rotational  structure  is 
greater. 


Following  the  application  of  the  zero-pressure  baseline  correction, 
the  intensity  of  the  rotational ly  resolved  features  is  measured.  The 
intensity  of  an  emission  line  from  a  transferred  level  is  taken  as  pro¬ 
portional  to  the  population  of  that  level,  and  the  intensity  of  the  Pi 
branch  of  Fi  (40)  is  taken  as  a  measure  of  the  Fi  (40)  state  population. 
The  ratio  of  a  transferred  population  to  the  initial  state  population, 
as  required  for  the  steady-state  analysis  described  in  the  following  sec¬ 
tion,  is  then  conveniently  given  by  the  ratio  of  the  heights  of  the  cor¬ 
responding  lines.  All  rotational  line  strengths  are  assumed  equal  for 
a  given  branch  (e.g.,  the  Ri  sequence).  This  introduces  negligible 
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A  scan  of  the  (4,2)  band  in  the  presence  of  0.34  torr  argon 
As  in  Fig.  1,  the  peak  photocurrents  of  the  R)  and  ^P]5 
branches  are  marked  next  to  the  top  of  those  lines.  The 
levels  marked  in  the  diagram  are  those  responsible  for 
emission  lines  at  the  particular  wavelengths  marked. 


error;  for  example  in  case-b  coupling  the  difference  in  relative  line 
strengths  of  (34)  and  (48)  is  only  0.4  per  cent.  A  given  branch 
(R2  or  emitted  by  an  F2  level  is  17  per  cent  more  intense  than  the 
corresponding  main  branch  emitted  by  Fj  or  F3,  due  to  the  lack  of  satel¬ 
lite  lines  from  F2,  and  this  value  is  used  in  the  analysis. 

p 

N  Even  in  the.  relatively  well-resolved  region  between  the  R13  and 
P^3  branches  of  Fi  (40),  there  still  exists  noticeable  overlap  of  some 
lines,  as  is  evident  from  Fig.  2.  This  overlap  was  accounted  for  using 
the  experimentally  determined  bandpass,  the  calculated  line  positions, 
and  manual  iteration  involving  certain  assumptions.  As  many  populations 
as  possible  are  first  determined  from  isolated  lines,  and  used  to  compute 
corrections  necessary  to  subtract  from  blended  features.  When  necessary 
for  these  iterations,  estimates  of  F3  populations  for  N'  <_  36  were  ob¬ 
tained  from  the  assumption  of  equal  populations  in  the  Fj  and  F3  levels. 
This  is  based  on  the  close  agreement  of  Fl  and  F3  populations  for 
N'  >_  44,  and  the  assumption  of  an  up-down  symmetry.  (We  found  such  an 
up-down  symmetry  for  the  Fi  levels,  providing  the  motivation  for  assuming 
it  to  hold  also  for  the  F3  levels).  Also,  due  to  the  small  intensity  of 
F2  (40)  and  F2  (42)  lines,  contributions  of  F2  levels  to  intensities  in 
the  R  branch  of  Fi  levels  were  taken  to  be  zero.  Satellite  intensities 
for  Fi  and  F3  levels  were  taken  to  one  sixth  of  the  R  or  P  intensity. 
Further  numerical  details  concerning  the  analysis  may  be  found  in  refer¬ 
ence  8. 

As  an  example  of  the  quality  of  the  data.  Table  I  lists  relative 
populations  obtained  in  the  runs  with  He  as  the  collision  partner.  For 
nearly  all  levels,  there  exist  two  values  of  the  population  determined 
independently  from  the  appropriate  Ri  and  Pi  branches.  Approximate  agree 
ment  of  populations  determined  from  the  R  and  P  branches  of  Fj  levels  is 
noteworthy  since  height  corrections  to  the  R  branch  involved  mostly  F2 
and  F5  levels  with  N'  <  40,  whereas  height  corrections  to  the  P  branch 
involved  populations  of  F2  and  F3  levels  with  N'  >  40  and  were  free  of 
the  above-mentioned  assumptions  about  the  F2  and  F3  level  populations. 

Uncertainties  in  intensity  measurements  introduce  about  ±0.4  in  the 
population  ratios  of  Table  I.  A  range  of  values  is  quoted  for  a  few 
populations  due  to  uncertainty  in  deciding  how  much  intensity  is  attribu¬ 
table  to  a  level  in  a  crowded  region  of  spectrum. 

Table  I  exhibits  not  only  the  agreement  between  R  and  P  branch  deter 
mined  populations,  but  also  the  reproducibility  between  two  successive 
scans  across  the  (4,2)  band  with  the  0.31  torr  fill  gas  pressure  of  hel¬ 
ium.  The  disparity  between  the  R  and  P  branch  data  for  F^(44)  at  0.31 
torr  is  reproducible  here,  but  such  a  disparity  was  not  apparent  with 
the  other  two  gases  so  that  its  probable  cause  is  not  evident  to  us. 


8 

T.  A.  Caughey,  "Collisional  Energy  Transfer  in  B-State  Diatomic  Sulfur ", 
Ph.  D.  Thesis ,  University  of  Wisconsin,  Madison,  WI,  (1977). 
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TABLE  1 

POPULATION  RATIOS  FOR  He  RUNS 
NORMALIZED  TO  POPULATION  OF  F,  (40)  =  1000 
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IV.  RATE  CONSTANTS 


Prior  to  a  consideration  of  the  quantitative  determination  of  the 
rate  constants,  we  can  make  two  qualitive  observations  from  a  rather 
direct  examination  of  the  raw  data.  First,  the  rotational  transfer 
process  is  a  multi-quantum  affair,  that  is,  the  molecule  is  not  limited 
in  transfers  only  to  adjacent  levels.  This  can  be  seen  from  the  scans 
of  Fig.  1,  which  show  the  development  of  rotational  transfer  as  helium 
pressure  is  increased.  The  lines  to  the  short  wavelength  side  of  the  Ri 
line  of  Fi  (40)  (while  actually  blends  of  several  lines)  are  to  a  large 
extent  at  these  low  helium  pressures  the  Ri  lines  of  Fi  (38),  Fi  (36), 

Fi  (34),  etc.  Were  the  transfer  process  limited  to  downward  transfers 
of  only  AN=-2 ,  for  example,  and  if  the  transfer  rates  for  the  Fi  (N') 
levels  were  reasonably  independent  of  N' ,  then  one  would  expect  a  geo¬ 
metrical  decrease  in  the  intensities  upon  going  to  shorter  wavelengths. 
For  example,  if  Fi  (38)  were  5  per  cent  of  Fj  (40)  as  in  the  0.03  torr 
He  scan  the  Fl  (36)  should  be  about  5  per  cent  as  intense  as  Fi  (38),.. 
However,  since  the  intensities  do  not  fall  off  this  quickly,  AN>2  pro¬ 
cesses  must  be  quite  probable.  One  safely  can  count  out  seven  such  peaks 
to  shorter  wavelengths,  thereby  showing  that  changes  up  to  at  least 
AN=14  do  occur  as  a  result  of  a  single  collision. 

One  also  notes  that  the  relative  probability  of  transfer  to  Fi  vs. 
non-Fi  levels  is  different  for  some  N',  even  though  the  triplet  splitting 
here  is  smaller  than  the  rotational  spacing.  For  example,  a  comparison 
of  intensities  in  the  P-branch  region  of  Fig.  2  shows  that  the  Fi  (42) 
level  has  a  larger  population  than  either  F2  (42)  or  F3  (42).  Hence, 
size  of  the  energy  gap  is  not  the  only  important  factor  for  determining 
transfer  probabilities. 

The  analysis  of  the  pressure  dependence  of  the  populations,  so  as 
to  extract  rate  constants  for  the  energy  transfer,  is  carried  out  using 
a  steady  state  balance  applied  to  Sj*,  the  population  of  the  Jill  rota¬ 
tional  level  in  the  excited  state.  The  development  of  the  equations, 
closely  paralleling  that  of  Steinfeld^  for  similar  work  in  I2,  is 
treated  in  detail  in  I.  The  resulting  working  equation  is 


[  1  +  Qs'  S  +  (Q'  ♦  V'  ♦  R')  A  ]  (SjVS41*)  R'41>jA  (1) 


Here,  A  is  the  foreign  gas  pressure,  S  is  the  ground  state  S2  pressure, 
Sj*  is  the  population  of  the  Jill  rotational  level, 10  and  S41*  is  the 
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J.  I.  Steinfeld  and  W.  Klemperer ,  "Energy  Transfer  in  Monochromatically 
Excited  Iodine  Molecules",  J.  Chem.  Phys .  £2,  3475  (1965). 

l®More  precisely,  the  N,  J  level  since  both  quantum  numbers  are  actually 
necessary  for  a  full  description. 


population  of  the  J=41  pumped  level.  The  rate  constant  R ’ 4 i  j  is  for 
transfer  from  (40)  to  the  Jth  level.  Q' ,  V'  and  R'  are  rate  constants 
for  quenching,  vibrational  transfer,  and  total  rotational  transfer  from 
the  Jth  level.  Qs'  is  the  rate  constant  for  quenching  due  to  collisions 
with  ground  state  S2;  vibrational  and  rotational  transfer  in  S2  (B)-S2 
(X)  collisions  is  negligible. 1*2  The  rate  constants  are  conveniently 
measured  in  units  of  a  per  number  density  per  radiative  lifetime  (t) 
basis,  and  the  primes  denote  multiplication  by  t. 

Values  for  the  parameters  on  the  left-hand  side  of  Eq  (1)  are  taken 
from  I.  There,  values  of  Qs',  Q' ,  V',  and  R'  were  measured  for  transfer 
out  of  the  initially  pumped  Fi  (40)  level.  For  analysis  of  the  current 
data,  it  is  necessary  to  assume  that  none  of  these  parameters,  nor  t, 
vary  with  rotational  level,  so  that  the  results  for  Fi  (40)  may  be  con¬ 
sidered  to  describe  the  behavior  of  the  level  denoted  by  J.  While  the 
lifetime  appears  shorterll  for  a  low  rotational  level  (J'=13)  in  v'=4, 
these  parameters  probably  do  not  vary  much  over  the  range  of  J  (34-50) 
probed  here.  A  value  for  t  =  36  nsecll  is  used  to  reduce  the  values  of 
r,41,J  to  absolute  units;  the  relationship  between  number  density  and 
measured  pressure,  also  needed,  is  discussed  in  detail  in  I. 

Thus  when  the  left-hand  side  of  Eq  (1),  containing  the  measured 
ratio  Sj*/S4i*  and  previously  determined  values,  is  plotted  vs.  A,  a 
straight  line  should  result.  The  slope  then  yields  the  value  of  R'41,J. 

A  few  exemplary  plots  for  He  are  shown  in  Fig.  3.  The  slopes  for  each 
of  the  three  gases  are  then  used  to  obtain  the  transfer  rates,  which  are 
presented  in  Tables  2  and  3  in  the  form  of  rate  constants  (cm3  sec"*) 
and  cross  sections1-  (A2),  respectively. 

Pressures  have  been  kept  low  re  in  order  to  minimize  multiple 
collisions  of  the  excited  molecult  Using  the  values  of  R'  obtained  in 
I,  we  find  that  at  the  highest  pre  ^ures  used,  about  15  per  cent  of  the 
excited  molecules  have  undergone  a  single  rotational-state-changing 
collision,  while  3.4  per  cent  have  undergone  two  or  more  such  collisions 
(see  Appendix).  Vibrational  back  transfer  (a  necessary  consideration  in 
the  analysis  for  total  rotational  transfer  in  I)  need  not  be  considered 
here  since  the  adjacent  vibrational  levels  are  so  sparsely  populated  at 
the  pressures  used  in  these  experiments.  Hence,  we  remain  in  a  pressure 
regime  low  enough  such  that  Eq  (1)  can  be  meaningfully  applied,  yet  high 
enough  to  obtain  results  with  a  presentable  level  of  precision. 

The  errors  bars  on  the  final  results  come  from  two  sources.  The 
first  is  the  obvious  uncertainties  in  the  measured  population  ratios, 

3  _ 

T.  A.  Caughey ,  K.  A.  Meyer  and  D.  R.  Croe ley,  " Lifetimes  in  the  B  lu 
State  of  S2 ",  to  be  published. 
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The  cell  temperature  of  900  K  is  used  to  oaloulate  the  mean  relative 
ve looity . 
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Plots  of  the  quantity  given  on  the  left-hand-side  of  Eq.  (1), 
for  a  number  of  different  final  states,  versus  pressure  of  He. 
The  straight  lines  drawn  are  the  fits  to  the  data  points  used 
to  obtain  the  quoted  results,  and  shaded  area  denotes  the  fit 
limits  corresponding  to  the  quoted  error  bars. 
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TABLE  2.  STATE- to -STATE  ROTATIONAL  RELAXATION  RATES 


(units  ■ 

10-10cm3/sec 'molecule) 

He 

Ar’ 

Xe 

levels 

50 

0.2410.07 

0.171.08 

0.1310.03 

46 

0.4510.09 

0.261.09 

0.1610.03 

44 

0.58+0.15 

0.321.11 

0.1810.05 

42 

1.2110.18 

0.801.14 

0.3910.07 

38 

1.0510.12 

0.711.15 

0.42+0.08 

36 

0.5710.09 

0.331.08 

0.19+0.05 

34 

0.4310.07 

0.241.06 

0.18+0.03 

levels 

48 

0.3610.11 

0.141.07 

0.1010.03 

4  * 

0.5410.09 

0.291.08 

0.0910.03 

42 

0.4010.08 

0.271.09 

0.0710.03 

40 

0.27+0.15 

0.181.09 

0.0710.03 

level 

42 

0.0710.06 

0. 06±0.06 

0.08+0.08 

40 

0.04+0.04 
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TABLE  3. 

STATE-to-STATE 

ROTATIONAL  TRANSFER  CROSS- 

-SECTIONS 

He 

At 

Xe 

levels 

50 

1.110.3 

1.9±0.9 

1.910.5 

46 

2.0±0.4 

3.011.1 

2.410.5 

44 

2.610.7 

3.711.3 

2.710.8 

42 

5.410.8 

9.0H.6 

5.811.0 

38 

4. 7±0. 5 

8.011.8 

6.3H.2 

36 

2.5±0.4 

3.810.9 

2.910.8 

34 

1.9±0.3 

2.710.7 

2.710.4 

levels 

48 

1.6+0. 5 

1.610.8 

1.510.5 

44 

2. 4+0. 4 

3.310.9 

1.310.5 

42 

1 . 8±  0 . 3 

3.U1.0 

1.110.5 

40 

1.2±0.7 

2.011.0 

1.010.5 

levels 

42 

0.33±0.25 

0.710.7 

l.Ul.l 

40 

_ 

0.610.6 
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which  forms  the  largest  contribution.  Uncertainties  in  V'  and  R'  con¬ 
tribute  about  2.5  per  cent  uncertainty  to  the  final  values  of  R'41,J. 
The  error  bars  quoted  in  Tables  2  and  3  are  maximum  values,  that  is, 
they  consider  all  errors  as  additive  and  are  taken  from  slopes  which 
include  nearly  all  of  the  data  points  (see  the  shaded  areas  in  Fig.  3). 


V.  DISCUSSION 

The  cross  sections  of  Table  3  are  plotted  in  Fig.  4  vs.  the  final 
rotational  quantum  number  for  each  of  the  collision  partners  studied. 
Although  there  is  some  overlap  of  error  bars  (see  Table  3),  we  can  none¬ 
theless  make  some  definite  statements  about  trends  in  the  cross  sections : 
(i)  single-collision  cross  sections  for  transfer  to  Fi  levels  decrease 
with  increasing  value  of  | AN ] ;  (ii)  a  range  of  rotational  levels  may  be 
populated  after  a  single  collision;  (iii)  for  the  range  of  | AN [  studied 
here  there  is  a  definite  up-down  symmetry  to  the  data,  that  is, 
a  (AN)  %  a  (-AN)  for  the  Fi  levels;  (iv)  for  small  AN,  there  is  a  prefer¬ 
ence  for  transfer  to  other  F;  levels  over  transfer  to  the  F3  or  the  F2 
level  of  the  same  N'  and  (v)  the  maximum  rate  for  transfer  to  an  F3  level 
does  not  occur  for  N'=42. 

A  more  quantitative,  though  empirical,  treatment  of  points  (i) ,  (ii), 
and  (iii)  can  be  obtained  using  the  techniques  of  surprisal  analysis. 

The  question  is  whether  the  trends  in  the  Fi  cross  sections  with  AN 
simply  reflect  increases  in  the  energy  defect  with  increasing  [ AN | ,  or 
whether  an  additional  dynamical  variation  with  AN  exists.  In  this  con¬ 
text,  it  is  useful  to  note  that  the  largest  energy  difference  for  which 
we  have  measured  a  cross  section,  viz.,  E  (50) -E  (40),  is  less  than  1/3 
of  kT. 

Prior  rate  constants  kp(Nf)  were  calculated  according  to  the  equa¬ 
tion  pertinent  to  rotational  energy  transfer  caused  by  a  structureless 
particle: *3 


kp(Nf)  =  c  gf  fi  exp  (±5/2)  ^  (6/2)  (2) 

where  c  is  a  constant,  gf  is  the  final-state  degeneracy,  6  =  |Ef-Ej.|/kT, 
and  K;  is  the  first-order  modified  Bessel  function  of  the  second  kind. 
The  plus  sign  in  the  exponential  is  used  if  Ef  <  Ef  and  the  minus  sign 
when  Ef  >  E^.  The  surprisal,  defined  by 

I  (Nf)  =  -In  [k  (Nf )  /  kp  (Nf ) ] ,  (3) 
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M.  Rubinson  and  J.  I.  Steinfeld ,  "Entropy  Analysis  of  Product  Energy 
DiBtrubutions  in  Nonreactive  Inelastic  Collisions ",  Chem.  Phys.  4j  467- 
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Plots  of  the  individual  cross  sections  of  Table  3  vs.  final- 
state  rotational  quantum  number.  Circles  are  for  transfer  to 
Fl  levels,  triangles  for  F3  levels,  and  squares  for  F2  levels. 
Top:  Helium;  Middle:  Argon;  Bottom:  Xenon. 
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is  often  found  to  behave  linearly  on  energy  difference 


I  (Nj.)  =  const  +  X6.  (4) 

The  slope  is  often  called  the  surprisal  parameter,  and,  if  I  obeys  the 
functional  relationship  of  Eq.  (4),  is  a  convenient  measure  of  the  nature 
of  the  energy  transfer  collisions. 

Surprisal  plots  for  the  Fi  level  transfer,  for  each  of  the  three 
gases,  are  given  in  Fig.  5.  All  of  the  multiquantum  transfer  (AN>2) 
points  fall  on  a  straight  line  for  each  gas  (that  is,  each  gas  differs 
in  the  value  both  of  the  constant  and  of  X  in  Eq.  (4)).  Values  of  X 
taken  from  these  curves  are:  He,  X=  4.6;  Ar,  X=  3.4;  Xe,  X=1.92.  The 
points  for  transfer  to  adjacent  levels  fall  uniformly  above  the  curves 
and  are  not  included  in  the  fits,  perhaps  suggesting  a  somewhat  different 
mechanism  also  operative  for  collisions  to  adjacent  rotational  levels. 

Values  of  X  much  larger  than  one  imply  that  the  collisions  tend 
toward  the  adiabatic  limit,  that  is,  a  relatively  brief  collision  in 
which  the  final  outcome  is  not  statistical  but  reflects  a  dynamic  bias 
or  propensity  toward  certain  final  states.  It  was  argued  in  I  that  a 
physical  picture  of  the  trends  in  total  vibrational  and  rotational  re¬ 
laxation  rates  with  increasing  mass  of  the  collision  partner  tended 
toward  a  brief  collision.  In  addition,  a  surprisal  parameter  of  1.3 
described  well  the  model  multiquantum  rate  constants  which  in  turn  fitted 
the  vibrational  population  evolution  with  increasing  pressure.  We  con¬ 
clude  that  the  final-state-specific  rates  found  here  are  again  in  accord 
with  such  an  overall  picture  of  the  collisional  behavior  of  b3eu  S2* 

A  definite  indication  of  dynamic  bias  is  also  contained  in  the 
findings  that  a  (F1+F3)  and  a  (F1+F2)  are  generally  smaller  than 
a  (Fp>Fi)  for  the  same  |AN|.  A  propensity  toward  maintenance  of  the 
spin-rotation  coupling  during  collisions  has  been  found  previously  in  the 
excited  states  of  NCA4  and  OHlS.  A  simple  physical  picture  suggests 
that  the  collision  exerts  torque  on  the  rotational  angular  momentum  N, 
briefly  decoupling  it  from  the  spin  3,  whose  orientation  in  space  is 
unaffected.  Recoupling  of  ft,  and  ft  after  the  collision  preserves  their 
general  orientation.  This  view  is  also  appealing  in  the  context  of  our 
findings,  based  on  the  retention  of  phase  coherence  following  a  rotation- 
ally  inelastic  collision, 2  that  the  orientation  of  the  N-vector  is  pre¬ 
served  in  space  even  when  its  magnitude  is  changed  by  collision. 


^H.  P.  Broida  and  T,  Carrington ,  "Rotational,  Vibrational  and  Electronic 
Energy  Transfer  in  the  Fluorescence  of  Nitric  Oxide",  J.  Chem.  Phys. 

58j  136-147  (1961). 

1 5R .  K.  Lengel  and  D.  R.  Crosley,  "Energy  Transfer  in  A2?*  OH.  I. 
Rotational ",  J.  Chem.  Phys.  67,  2085-2101  (1977). 
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Fig.  5.  Plot  of  the  surprisal  for  the  rate  constants  for  transfer  to 
Fi  levels.  The  abscissa  6  is  the  absolute  magnitude  of  the 
amount  of  energy  transferred  in  the  collision,  divided  by  kT, 
so  that  upward  and  downward  collisions  are  included.  The 
straight  lines  correspond  to  the  surprisal  parameters  quoted  in 
the  text;  the  lowest-energy  transfer  is  not  included  in  the  fits. 
Circles:  Helium;  Triangles:  Argon;  Squares:  Xenon. 
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The  small  size  of  the  F2  (42)  cross-section  should  not  be  generalized 
to  mean  that  little  transfer  occurs  to  all  F2  levels.  In  fact,  the 
presence  of  F2  transferred  levels  is  quite  noticeable.  The  accumulation 
of  intensity  near  3135.5  A  in  Fig.  2,  for  example,  occurs  at  the  position 
of  the  F2  band  head.  Hence,  it  is  possible  that  the  collisional  prefer¬ 
ence  for  Fi  levels  over  F2  levels  disappears  for  large  AN,  although, 
unlike  the  F3  levels  where  we  can  see  that  the  preference  ends  for  AN  *v 
4  for  He  and  Ar  {and  perhaps  AN  'v  10  for  Xe) ,  we  cannot  tell  precisely 
where  the  decided  preference  for  Fj  over  F2  ends.  Alternatively,  the 
appreciable  F2  level  intensity  may  result  from  multiple-collision  events. 


We  may  interpolate  and  extrapolate  our  measured  final -state  specific 
cross-sections  according  to  the  trends  expressed  in  Figs.  4  and  5,  to  all 
AN  in  order  to  estimate  the  size  of  the  total  cross-section  for  rotation¬ 
al  transfer  out  of  the  initially  pumped  rotational  level.  The  uncertain¬ 
ties  for  the  individual  cross-sections  rapidly  add  up  during  this  sum¬ 
mation,  resulting  in  a  large  relative  uncertainty  in  the  sum.  Neverthe¬ 
less,  the  results  are  consistent  with  the  total  cross-sections  determined 
independently,  by  a  different  method,  in  I.  The  results  are  listed  in 
Table  4.  For  helium  and  argon  the  summed  results  are  somewhat  larger 
than  the  directly  measured  values,  although  within  the  error  limits. 

The  directly  measured  values  are  certainly  more  precise  than  those  given 
by  this  summing  method.  A  better  check  of  these  total  rotation  cross- 
sections  was  performed  by  measuring  areas  within  fluorscence  bands  rota- 
tionally  relaxed  by  helium  and  argon  collision  partners  under  this  higher 
resolution,  which  was  the  technique  employed  in  I.  Agreement  within  ten 
per  cent  for  all  gases  is  found  using  this  method. 

The  conclusion  in  I,  based  on  studies  of  band  contours,  that  heavier 

* 

collision  partners  induce  larger  rotational  jumps  in  S2  than  lighter  ones 
is  confirmed  by  the  state-to-state  cross-sections.  Table  5  lists  the  F) 
state-to-state  cross-sections  for  Table  3  as  percentages  of  the  total 
rotational  transfer  cross-sections  from  I.  The  results  show  that  helium 
is  more  likely  to  cause  smaller  changes  in  the  rotational  motion  of  S2 
than  either  argon  or  xenon  as  the  result  of  a  single  rotation-changing 
collision. 
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TABLE  4.  TOTAL  ROTATIONAL  RELAXATION  CROSS  SECTIONS  (A2) 

Direct 

State-to-State  Measurement 


Gas 

Sum 

(Ref.  : 

He 

SO  ±  IS 

37  ±  4 

Ar 

80  ±  30 

65  ±  7 

Xe 

70  ±  20 

72  ±  7 
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TABLE  5.  F i STATE- to- STATE  RATES  AS  PERCENTAGES 
OF  THE  TOTAL  ROTATIONAL  RELAXATION  RATE 


! 


N 

He 

Ar 

Xe 

50 

2. 9+0. 9 

2.911.4 

2.710.8 

46 

5 . 5± 1 . 3 

4.611.7 

3.310.8 

44 

7.1±2.1 

5.612.1 

3.811.2 

42 

15±3 

1413 

8.011.6 

38 

13±2 

1113 

8.611.8 

36 

6.911.4 

5.811.5 

4.011.2 

34 

5.211.0 

4.111.1 

3.710.7 
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APPENDIX 


We  consider  a  calculation  of  the  fraction  x(n)  of  excited  S$  mole¬ 
cules  which  have  undergone  n  rotation-state-changing  collisions  prior 
to  radiatin|,  under  steady-state  conditions.  We  begin  with  m(n,t),  the 
number  of  molecules  which  have  undergone  n  such  collisions  before 
radiation  at  a  time  t  after  excitation.  This  is  given  by  the  product 
of  the  probability  P(n,t)  of  undergoing  n  collisions  in  time  t  multiplied 
by  S*(t),  the  total  number  of  S$  molecules  which  have  not  already  decayed 
by  radiating,  quenching,  or  vibrationally  transferring. 


mn(t)  =  P  (n,t)  S*(t) . 


P  (n,t)  is  given  by  a  Poisson  distribution: 


P(n,t)  =  (R  At/r)n  exp  (-R  At/x)/nl. 


Note  that  (R  A/t)  is  independent  of  t  since  the  collision  dynamics  are 
independent  of  how  long  the  excited  molecule  has  lived.  Then  S*  is  given 
by: 


S*  =  SQ*exp  [-  (1+QS'S  +  V'A)  t/t]. 


To  find  x,  we  integrate  m  (n,t)  over  all  time,  yielding 


x 


(1  +  Qq'S  ♦  V'A)  R'A 

(1  +  Qs' S  +  V'A  +  R'A)  1  +  Qs’S  +  V'A  +  R'A 


The  fractions  quoted  in  the  main  body  of  the  text  are  calculated  using 
rate  constant  values  from  Ref.  1. 
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Laboratory,  ARRADCOM,  ATTN:  DRDAR-TSB,  Aberdeen  Proving  Ground, 
Maryland  21005.  Your  comments  will  provide  us  with  information 
for  improving  future  reports. 

1 .  BRL  Report  Number _ 

2.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related 
project,  or  other  area  of  interest  for  which  report  will  be  used.) 


3.  How,  specifically,  is  the  report  being  used?  (Information 
source,  design  data  or  procedure,  management  procedure,  source  of 
ideas,  etc.) _ 


4.  Has  the  information  in  this  report  led  to  any  quantitative 
savings  as  far  as  man-hours/ contract  dollars  saved,  operating  costs 
avoided,  efficiencies  achieved,  etc.?  If  so,  please  elaborate. 


5.  General  Comments  (Indicate  what  you  think  should  be  changed  to 
make  this  report  and  future  reports  of  this  type  more  responsive 
to  your  needs,  more  usable,  improve  readability,  etc.) _ 


6.  If  you  would  like  to  be  contacted  by  the  personnel  who  prepared 
this  report  to  raise  specific  questions  or  discuss  the  topic, 
please  fill  in  the  following  information. 


Name: 

Telephone  Number: 
Organization  Address: 


